Dielectric losses were measured for lysozyme powders of varied hydration level by a dielectric-gravimetric technique in the frequency range of 10 kHz to 10 MHz. The relaxation showed an isotope effect and pH dependence, indicating that the inferred conductivity is protonic. The transport process is likely restricted to the surface of individual macromolecules and involves shifting of protons between ionizable side chain groups of the protein. The time constant of the relaxation shows cooperativity in its seventh-order dependence on bound protons. The process develops in the hydration region critical for the onset of the catalytic properties of the enzyme. The binding of a substrate increases. the relaxation time by a factor of 2. These observations suggest that the megahertz dispersion reflects behavior at the protein surface, specifically the cooperative channeling of proton flow through 'the active site, that may be of particular significance for the enzymatic and other functional properties of proteins.
It is well known that water-macromolecule interactions can influence folding, enzymatic activity, and other biological properties of globular proteins (1) . To extend our previous studies on the dynamic, thermodynamic, and structural aspects of the hydration of lysozyme powders (2), we have considered the hydration-dependent dielectric losses in the hydration range critical for the onset of the enzymatic function of this protein. Recently, Pethig and co-workers (3) (4) (5) have shown that hydrated protein powders exhibit dielectric dispersion at three different frequencies. The first dispersion, Ael, occurs at frequencies near 1 Hz. The corresponding change in the dc conductivity has been attributed to protons, because of an isotope effect (4) . The same conclusion has been reached by Behi et al. (5) , who have measured the dc conductivity of hydrated lysozyme films. The second and third dispersions, denoted AC2 and Ae3, occur at higher frequencies, i05 and 1010 Hz, respectively. From the work of Harvey and Hoekstra (6) , there is little doubt that AE3 can be assigned to Debye relaxation of water bound on the macromolecule surface. Bone et al. (4) have suggested that Ae2 also is to be assigned to bound water relaxation. On the other hand, a recent theoretical treatment has shown that, in linear hydrogen-bonded chains formed of protein side chain groups, protons can respond to oscillating electric fields in this frequency region (7) .
In this paper we report dielectric measurements on lysozyme powders of varied hydration level over a range of frequencies centered on 4e2. There is an isotope effect, a strong pH dependence, and an effect produced by complexation with a substrate, which together indicate the existence of a proton conduction process that involves ionizable side chain groups of the protein surface and that may be of particular significance for the enzymatic and other functional properties of proteins.
MATERIALS AND METHODS
Materials. The lysozyme powder samples used in this work were prepared from Worthington 3 x crystallized and salt-free protein. Four preparations were carried out to obtain samples with the lowest possible salt content, with the desired pH, and with controlled levels of other components (salt or substrate) or with full acetylation of the protein amino groups (to block their protonation). All samples were desalted by exhaustive dialysis in the cold, with N2 bubbling through the dialysant to exclude CO2. The pH was determined on 20 mg/ml solutions of each powder sample, at the end of its preparation. Measurements of a pH-sensitive property of lysozyme powders, the rate of amide hydrogen exchange (8) , have shown that the pH of the powder sample is equal to that of the 20 mg/ml aqueous solution, for hydration levels h > 0.3 (hydration levels are given in the units g of water per g of dry protein). Lyophilizations were over P205 to obtain reproducibly low water content. Samples were prepared in groups, to minimize differences except in the parameter varied, so to allow precise comparisons. The lyophilized powders differed in appearance: preparation 1 samples were dense and granular and preparation 3 samples were light and open in structure, probably reflecting different rates of sublimation. Typical procedures, those used for preparation 3, are as follows:
Lysozyme (8 g) was dissolved in deionized water, brought to pH 10, and dialyzed exhaustively against water at pH 10, to give a solution of pH 10.65. This stock solution was used to prepare a series of samples of different pH values and with a selected level of added salt or of the tetrasaccharide of N-acetylglucosamine, (GlcNAc)4, a substrate of lysozyme.
Lysozyme (1 g) in 400 ml of 5 mM phosphate buffer (pH 8.0).was acetylated with 50x molar excess of acetic anhydride at 0C, following the method.of Davies and Neuberger (9) . The sample was exhaustively dialyzed against deionized water and lyophilized, to give a sample of pH 5.8. The enzymatic activity of the sample against cell walls showed the expected pH and salt dependence (9) . The absence of unreacted amino groups was shown by the fluorescamine test (10).
(GlcNAc)4 was prepared as described (11) . Methods. A sample of lyophilized protein powder was hydrated isopiestically for about a day in moist air at 50C. The sample was then placed in a glass dish, part of a two-parallelplate capacitor, set on the pan of a balance. By this procedure, both sample weight and dielectric data were contemporaneously measured during dehydration by a constant dry air Abbreviation: (GlcNAc)4, tetrasaccharide of N-acetylglucosamine.
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flux. Details of the electronic bridge, of the data acquisition system, and of the analysis of the raw data have been given (12) . Typically, the sample dry weight was near 0.3 g, and the process of dehydration until no further weight loss lasted <24 hr. The temperature of the balance room was 29 ± 0.loc.
For all samples the evaporation rate E (g/min) was close to zero for hydration levels, h, less than the hydration level ho = 0.07 ± 0.05. For h > ho the evaporation rate for all samples depended linearly on h, with E = K(h -ho), K -3.88 ± 0.43 x 10-3 (g/min)-1. The value of h. was determined by drying at 1050C one sample available in large amount. Physically, ho is the hydration value below which the ionizable side chains respond to water binding and above which water begins to be adsorbed on other sites of the macromolecule surface (2) . The vanishing of E at ho was used to fix the h scale of samples without determining dry weights. Several hydration and dehydration cycles could be performed if the sample was not of too open structure.
Our technique allows the dielectric properties of the powder sample to be detected without any metal-protein contact, which, because of the range of pH investigated, could have produced experimental difficulties. Since the sample is open to the atmosphere within the capacitor-balance chamber, hydration equilibrium is established rapidly. The dielectric permittivity of the protein is not measured directly, because the sample is only one part of the composite condenser that consists of a layer of powder included between layers of dry air and glass. Since glass does not display appreciable dielectric losses in the frequency range investigated, we are left with a capacitor consisting of two layers of similar thickness, one. of them of vanishingly small conductivity and dielectric constant close to that of the vacuum; for this system one can predict (12) dissipation losses with a time constant 7b = e0(l + E)1/2T-1, [1] where E. is the vacuum permittivity, e is the relative dielectric constant, and oC is the conductivity of the hydrated protein, with both of these latter quantities being considered for frequencies lower than n-'-i.e., for the region in which the relaxation in question had already occurred. Through computer simulation we have verified that the system is insensitive to slight changes in thickness of the air or powder layers. In the frequency range studied here the hydration dependence of e for a protein sample is expected to be much lower than the hydration dependence of ar: for lysozyme powders an increase in h from 0.1 to 0.2 decreases, by a factor of <3, the difference in permittivity of 10 kHz and 9.95 GHz (13) . Therefore, although our results will be displayed in the next section as r, versus h curves, these data will be discussed as if they represented a versus h curves. A limitation of this technique is the need to compare data for samples of the same density, because of the well-known (14) dependence of the dielectric constant on the density of the medium. For this reason, samples were prepared in groups, as described above. Powder samples from different preparations but of similar pH and composition showed closely similar dielectric properties for measurements in the first cycle of hydration. Fig. 1 displays raw data accumulated by our apparatus for one sample. Measurements were made and data were stored every 10 min, to give >3000 points per sample, an essentially continuous record of the dielectric properties as a function of hydration level, at selected frequencies from 10 kHz to 10 MHz. The relaxation time T' for maximal dissipation can be evaluated by analysis of the broad curves of Fig. 1, and r8 is the quantity reported for this and other samples in Results. The values of Tr given in Fig. 2 include those for the sample used in the measurements of Fig. 1 Fig. 2 we report rs values for native lysozyme powders of pH 7 over the hydration range where the relaxation time was measurable with our apparatus. Fig. 2 shows-the good reproducibility obtained for different runs on the same sample and for samples from different preparations. The addition of salt at low concentration, about equal to the concentration of counterions in the preparation (Fig. 2) , has no-effect on r8; this indicates that counterion contributions are not important for the conductivity measured in this frequency range. Proc. Nat. Acad. Sci. USA 82 (1985) Values of r8 for samples prepared at different pH are displayed in Fig. 3 . Fig. 4 shows the pH dependence of log rs at constant hydration level, h = 0.30. Values are for native lysozyme samples of pH 3-9.9, determined from the data of Fig. 3 , and for a sample of acetylated lysozyme of pH 5.8. Fig. 4 also includes rs values obtained from measurements at h = 0.30 for samples of lysozyme containing the substrate (GlcNAc)4. Fig. 5 shows the hydration dependence of rs for these samples. The addition of equimolar substrate markedly increases Tr. This is a specific effect associated with formation of the enzyme-substrate complex, since the addition of more substrate, to 3 x equimolar, decreases A,, as expected.
RESULTS In
Figs. 2 and 5 show the effect of isotopic substitution at pH 7 for native lysozyme and the substrate complex. The isotope effect has been measured at other pH values, with similar results. The values of Figs. 2 and 5 are plotted according to the weight of water adsorbed. When correction is made for the 10% different molecular weights of 2H20 and H20, by conversion to a mol-based hydration level, so that comparison is made at equal coverage of the protein surface by adsorbed water, the effect of deuterium substitution is a 1.47 x change in Ts. This is exactly the expected change for a rate process involving protons, which should be slower by 21/2 in 2H20 than in H20. Alternatively, the effect of deuterium substitution is equivalent to a shift of the hydration conditions by 0.75 unit to more alkaline pH, which is close to the expected shift in the ionization constants of side chain groups for transfer from H20 to 2H20. Regardless of its microscopic explanation, the deuterium effect points to the involvement of protons.
DISCUSSION
Protonic Basis of the Dispersion Ae2. The presence of a clear isotope effect in our data is a strong indication that protonic conduction is the dominating contribution to the di- electric relaxation Ac2 in the frequency range studied here. This conclusion is supported by the observation of pH dependence for T. Thus, we are convinced that the relaxation process that takes place in the hydrated powder in our composite capacitor must be of the Maxwell-Wagner type (15) , and the o values inferred from the T8 data, for frequencies higher than 10 kHz, must be assigned to a transport process that involves protons. This process must not be confused with the dc conductivity also involving protons and responsible for the relaxation Ael, as described by Pethig and coworkers (4). In our opinion, the presence of two conduction processes operating in two different frequency ranges can be understood, if the Ac1 relaxation is assigned to proton transport through the bulk powder sample, whereas the Ae2 relaxation is attributed to proton displacements on a single macromolecule only. Therefore, in this picture the resistivity of the intermolecular pathway must be considerably larger than the resistivity of the proton moving on the surface of the hydrated macromolecule. Proceeding with these reasonable assumptions, in the following we discuss in some detail the r8 data reported above.
Change in r8 with Increase in Hydration. Let us first consider the general trend of the log T8 versus h curves reported in Figs. 2 and 3 . Each such curve seems to be included between two asymptotic straight lines, the one for low hydra- (2) . To summarize, the conduction mean free path must be the limiting factor for a-, and it must approach a constant limiting value when the surface is fully hydrated.
In the low-hydration region, below saturation of or, the conductivity increases exponentially with increase in hydration level for all samples investigated. Similar behavior has been widely observed in the lower frequency range also, for the relaxation Ae1 at 1 Hz, and the physical nature of this behavior has been the subject of several discussions (15) . In our opinion, the correct interpretation of the sharp rise of the conductivity at low hydration for both the Ae1 and AE2 relaxations must await proper theoretical analysis of this percolation process of charges moving on a charged matrix (16 Fig. 3 show that within the saturation region the pH dependence of rs is largely independent of the hydration coverage. Therefore, in Fig. 4 Regardless of the detailed mechanism, r8 should depend on the number of protons bound to groups at the protein surface. Fig. 6 shows this relationship, developed by transforming the pH axis of Fig. 4 to log H' bound, by use of the titration data of Kuramitsu and Hamaguchi (18) . The high order of the dependence of rs on H' bound, about 7, indi-*A lysozyme film of pH 7 showed a log versus h curve similar to that of Fig. 2 for powders, but with a yet higher limiting slope at high hydration. This is a good indication of the significance of e in the high-hydration region, because of the greater density of the film than the powder (see Eq. 1). Conversely, in Fig. 3 , the pH 9.87 sample displays a stronger saturation because of its comparatively lower density, due to the particular preparation of this sample. cates an event consisting of cooperative proton movements, with relaxation time in the microsecond range.
The picture described here is supported by the measurement of acetylated lysozyme, for which the ionization of all seven amino groups has been blocked. This derivative shows at near neutral pH a value of Ta expected for the native enzyme at pH above 10 (Figs. 4 and 6 ). Thus, a reduction in the number of bound protons through chemical modification is equivalent to a reduction in the number of bound protons through increase in pH.
The possible biological significance of our picture is indicated by the effect of binding of a substrate at the active site (Fig. 4) , which changes by a factor of 2. The substantial effect of saccharide binding on Ta suggests that a large part, perhaps half, of the proton flow over the protein surface at pH 7 is channeled through the active site. This observation gives a basis for coupling proton-dependent reactions at the active site, which for lysozyme is the acid-catalyzed hydrolysis of a glycosidic bond, with protonic processes of other regions of the enzyme surface. The involvement of protons in biological processes is general, and it may be that the cooperative channeling of proton flows through active sites is of fundamental significance.
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